High performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was employed to investigate the differences in phytochemicals in roots, bark, and leaf of Sclerocarya birrea (marula) for methanol and water extracts that exhibited the best antioxidant activities. As many as 36 compounds were observed in the extracts of these tissues of which 27 phenolic compounds were tentatively identified. The HPLC-MS/MS results showed flavonoid glycosides were prominent in leaf extracts while the galloylated tannins were largely in bark and root extracts. Four flavonoid glycosides that were reported for the first time in the marula leaf have been identified. The HPLC-MS/MS studies also illustrated different degrees (highest degree = 3) of oligomerisation and galloylation of tannins in the bark and root extracts.
Introduction
Sclerocarya birrea (A. Rich.) Hochst, more commonly known as marula, is taxonomically derived from the Anacardiaceae plant family. It is an indigenous, fruit-bearing tree of subSaharan Africa [1] . It grows mostly at low altitudes and can reach up to 20 m in height and 1.2 m in diameter [2] . Traditionally, marula has multiple uses; the fruits are eaten or processed to make beer and jam, the kernels are eaten or their oils extracted, the leaves are used as forage for livestock, and the wood is carved into utilitarian items such as spoons and plates [2] . The marula tree has been the subject of numerous chemical, biological, and environmental investigations since 1906 [3] and has been identified as one of five fruit tree species that should be integrated in the domestication process in African farming system [4, 5] . This is due to its use as source of food and medicine in rural communities and its potential to generate income through the sale of its derivates. The bark, leaves, and roots of Sclerocarya birrea (S. birrea)have attracted attention because they have been traditionally used to treat an assortment of human ailments such as dysentery, fevers, malaria, diarrhea, stomach ailments, rheumatism, sore eyes, gangrenous rectitis, infertility, headaches, toothache, and body pains [6, 7] . As a result, extracts of this plant have been reported to possess antioxidant, antibacterial, antifungal, astringent anticonvulsant [8] [9] [10] , antihyperglycemic, anti-inflammatory [11] , and antiatherogenic properties [12] . Several of these properties could be attributed to the high content of polyphenols and its antioxidant activity [13] [14] [15] [16] . As a result of their high antioxidant activities, extracts from S. birrea could also be used to control theoxidation of unsaturated lipids in foods, which not only lead to flavour [17] and colour deterioration [18] but can also lower nutritional value and is associated with negative health effects such as increased risk of heart disease and cancer in humans [19] . Previous studies involving S. birrea have detected the presence of 11 phenolic compounds in leaf extracts using HPLC-UV and HPLC-ESI/MS [13] and also in pulp extracts by HPLC-UV/Vis detection [15] . Only one previous study has investigated the phenolic composition of the bark, where 2 ISRN Chromatography NMR analysis identified the presence of a catechin derivate [20] . In addition, it has been reported that bark from S. birrea contains a significant amount of high molecular weight tannins [16, 21] . Condensed tannins, such as procyanidins, have attracted increasing attention in the fields of nutrition and medicine due to their potential health benefits observed in vitro and in vivo. For instance, procyanidin oligomers have been shown to have potent antioxidant activity and the ability to scavenge reactive oxygen and nitrogen species [22, 23] . However, no study to date has attempted to quantify the relative contribution of high and low molecular weight polyphenols to the total in vitro antioxidant activity of S. birrea. In the present study, we investigated a polyphenol rich crude extract that has been fractionated into high and low molecular weight components. The relative phenolic content and antioxidant activity of various crude and dialysed extracts from three different parts of S. birrea, bark, leaf, and root, were determined. Antioxidant extracts were selected for qualitative analysis, by means of HPLC-ESI-MS/MS, based on their relative in vitro antioxidant activities.
Materials and Methods

Samples and Chemicals.
Fresh leaves bark and roots of S. birrea were collected from Dakar region in Senegal in September 2010. For the extraction, analytical grade n-hexane, chloroform (CHCl 3 ), methanol (MeOH), ethylacetate, and water were acquired from Carlo Erba Reagents (Milan, Italy), while 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric chloride (FeCl 3 * 6H 2 O), hydrochloric acid (HCl), 2,4,6-Tris(2-pyridil)-striazine (TPTZ), sodium acetate, FolinCiocalteu phenol reagent, sodium carbonate, Trolox, HPLC grade acetonitrile, methanol, formic acid (HCOOH), and water along with leucine-enkephalin, gallic acid, catechin, epicatechin, epicatechin-3-O-gallate, epigallocatechin-3-Ogallate, quercetin-3-O-arabinoside, quercetin-3-O-rhamnoside, quercetin-3-O-glucoside, and procyanidin B2, were purchased from Sigma-Aldrich (Arklow, Co., Wicklow, Ireland).
Extraction and Fractionation Based on Polarity and
Molecular Size. The different parts of the plant, which were carefully cleaned removing foreign particles, were cut into small pieces and air-dried at room temperature. Leaves were powdered using a pestle and mortar, while the bark and roots of S. birrea were further broken up using a pestle and mortar. Samples of S. birrea bark, leaves, and roots weighing 215, 150, and 160 g, respectively, were defatted using 5 volumes (v/w) of n-hexane and extracted with CHCl 3 , CHCl 3 : MeOH (9 : 1), and MeOH, at room temperature, in amber bottles over 6 days. The bottles were periodically shaken and the solvent replenished at 48 hr intervals. Each solvent extract was filtered through cellulose filter paper (17-25 m) and concentrated using a rotary evaporator, under reduced pressure, at 37 ∘ C. All extracts were weighed and stored in the dark at 4 ∘ C. Each methanol extract was further partitioned into hydrophobic and hydrophilic fractions using water and ethylacetate exhaustively using a separating funnel. The water fractions were lyophilized with the aid of a freeze dryer, while the ethylacetate fractions were concentrated using a rotary evaporator. The ethylacetate fractions were weighed and stored in the dark at 4 ∘ C. Dialysis tubing, with a molecular weight cut-off of 3.5 kDa (Fisher Scientific Ltd., Loughborough, Leicestershire, UK), was used to separate metabolites present in each water fraction into low molecular weight (<3.5 kDa) and high molecular weight (>3.5 kDa) extracts. Each of the <3.5 kDa and >3.5 kDa dialysed extracts was lyophilized to dryness. The weights of the lyophilised extracts were recorded and stored in the dark at 4 ∘ C (Table 1) .
Free Radical Scavenging Activity by DPPH Method.
A modified version of the DPPH assay, with Trolox as a standard, was used to measure antioxidant activity [24] . Briefly, 100 L of various concentrations (stock solution of 2 mg/mL) of the extract or Trolox were added to 100 L of a methanol solution of DPPH (0.0476 mg/mL) in a 96-well plate. The plate was incubated at room temperature for 30 min in the dark. The absorbance of the mixture was measured at 515 nm against the blank (MeOH) using a plate reader (FLUOstar Omega, Ortenberg, Germany).
Ferric Reducing Antioxidant Power (FRAP)
Assay. The FRAP assay was carried out as described by Stratil et al. with slight modifications [25] . The FRAP reagent was prepared by mixing 38 mM sodium acetate anhydrous buffer in distilled water, pH 3.6, with 20 mM FeCl 3 * 6H 2 O in distilled water and 10 mM TPTZ in 40 mM HCl in a ratio of 10 : 1 : 1. A 20 L of appropriately diluted sample extract and 180 L of FRAP reagent were mixed in a 96-well plate and incubated at 37 ∘ C for 40 min in the dark. In the case of the blank, 20 L methanol was added to 180 L FRAP reagent. The absorbance of the resulting solution was measured at 593 nm using a plate reader. Trolox, at concentrations ranging from 0.1 mM-0.4 mM, was used as a reference antioxidant standard. Each sample was performed in triplicate.
Total Phenolic Content (TPC).
The TPC was determined using the Folin-Ciocalteu method as described by Singleton et al. [26] . Methanolic gallic acid solutions (10-200 mg/L) were used as standards. In each replicate, 100 L of the appropriately diluted sample extract, 100 L methanol, 100 L Folin-Ciocalteu reagent, and 700 L sodium carbonate (20% w/v) were added together and vortexed. The mixture was incubated for 20 min in the dark at room temperature. After incubation, the mixture was centrifuged at 13,000 rpm for 3 min. The absorbance of the supernatant was measured at 735 nm using a UV-Vis spectrophotometer. The experiment was carried out in triplicate for all extract samples and standard dilutions.
HPLC-ESI-MS/MS.
The analysis was carried out using an Alliance 2695 HPLC system (Waters Corp., Milford, MA) coupled to a Q-Tof Premier mass spectrometer (Waters Corp., Micromass MS Technologies, Manchester, UK). The Q-Tof was equipped with a lockspray source with an internal reference compound (leucine-enkephalin) for accurate mass measurements. An Atlantis T3 C18 column (waters Corp., Milford, MA; 2.1 × 100 mm) was used to separate the compounds. A binary mobile phase consisting of 0.5% HCOOH (solvent A) and 0.5% HCOOH in 50 : 50 v/v acetonitrile:methanol (solvent B) was used. The gradient program was as follows: 0%-15%B in 1 min, 60%-40%B in 5 min, 50%-50%B in 2 min, 30%-70%B in 6 min, 20%-80%B in 4 min, and 80%-20%B in 7 min. The flow rate was 0.2 mL/min. Electrospray mass spectra data were recorded in the negative ionization mode for a mass range from m/z 100 to 1000. The capillary and cone voltage were set at 3 kV and 30 V, respectively, and the data were acquired using MassLynx version 4.1. The collision energy used for the MS/MS experiments ranged from 8 eV to 40 eV depending on the size of the molecular mass selected for the collision induced dissociation (CID).
Statistical Analysis.
Analysis of variance (ANOVA, oneway) was used to find differences between the extracts studied. Means were compared by least significant difference (LSD) test, at a significance level = 0.05 using the Statgraphics software (version 2.1; Statistical Graphics Co., Rockville, USA).
Results and Discussion
Antioxidant Activity and Total Phenolic Content.
The results of the two antioxidant assays for the 15 different extracts were broadly in agreement. This was reflected by the high Pearson's correlation coefficient value ( = 0.940) between both. In relation to each plant tissue under investigation, a common trend emerged, which showed that the dialysed and water extracts of the leaf, root, and bark had the highest antioxidant activities in each case (Table 2) . Most notably, the root <3.5 kDa dialysed extract exhibited the highest FRAP (220.41 ± 4.655 Trolox equivalent (TE) g/100 g dry weight sample (DWS)) value. The DPPH radical scavenging activity of this extract also had a high value (137.974 ± 6.790 TE g/100 g DWS), though the highest activity reported for the DPPH assay was seen in the bark water crude extract (183.973 ± 7.029 TE g/100 g DWS). The hexane and ethyl acetate extracts of the leaf, root, and bark recorded generally lower antioxidant activities than those of the water and methanolic extracts in this study. This indicated that the antioxidant compounds in marula were predominantly polar. A comparison of DPPH IC 50 values between the lowest and highest antioxidant activity confirmed that the leaf hexane, bark ethyl acetate, and root hexane extracts had a significantly ( < 0.05) lower antioxidant potential than the leaf <3.5 kDa and water extracts of both the bark and roots.
In line with their high antioxidant activities, these S. birrea polar extracts also possessed a high total phenolic content (TPC). The TPC data of these extracts revealed a high degree of positive correlation with the results of both the DPPH (Pearson's correlation coefficient, = 0.905) and FRAP (Pearson's correlation coefficient, = 0.855) assays. Moyo et al. also reported that leaf, young stem, and opercula extracts from S. birrea had the highest antioxidant activity and possessed the highest phenolic content, thus indicating a strong relationship between phenolic content and antioxidant activity [27] . The root >3.5 kDa dialysed extract had the highest TPC value (103.39 ± 0.006 gallic acid equivalent (GAE) g/100 g DWS), followed by the root <3.5 kDa dialysed extract (101.586 ± 0.009 GAE g/100 g DWS). This could be due to the presence of high molecular weight polymeric polyphenols in these extracts [16, 21] . The leaf hexane extract, as expected from the low antioxidant activity values, had the lowest TPC value (10.00 ± 0.01 GAE g/100 g DWS). In the case of leaf extracts, the hydrophilic <3.5 kDa fractions had significantly higher TPC ( < 0.05) than the fractions of >3.5 kDa. This might be due to greater relative abundance of low molecular weight unbound polar phenolic compounds in the leaf compared to the bark and root. Other authors have also reported that when a high level of structural polysaccharides are present in food, which could be the case for both the bark and the root extracts, a high proportion of polyphenols will be bound to these polysaccharides [28] .
To date, the majority of studies on S. birrea have concentrated on the fruit and leaves [12, 13] . Mariod et al. investigated the phenolic content and antioxidant activity of 60% aqueous methanol extracts from leaf, bark and root of S. birrea and reported that the bark, and root extracts had higher phenolic content than the leaf extract [15] , which is also the case in the present study. The antioxidant activity of methanolic extract of marula leaf has been reported to be higher or equal that of butylated hydroxytoluene [27, 29] . The present study has shown that the bark and root extracts had even higher antioxidant activity than the leaf extracts.
Analyses of Polyphenols by HPLC-ESI-MS/MS.
The <3.5 kDa dialysed extracts that possessed the best antioxidant activity and phenolic content were selected for characterisation by HPLC-MS/MS. A total of 36 compounds were observed with 27 phenolic compounds being tentatively or fully identified, a disaccharide, four derivatives of either sugar or galloyl derivatives and four compounds could not be identified (Table 3) . Structural characterisation of each compound was achieved through accurate mass measurement and interpretation of CID mass spectrum. Of the 36 compounds, the identities of 9 phenolic compounds, namely, gallic acid, catechin, epicatechin, epicatechin-3-O-gallate, epigallocatechin-3-Ogallate, quercetin-3-O-arabinoside, quercetin-3-O-rhamnoside, quercetin-3-O-glucoside, and procyanidin B2 were confirmed by the comparison with retention times of the standards.
The phenolic compounds present in the leaf, bark, and root of S. birrea differed from those reported in the fruit. For example, Ndhlala et al. reported the presence of caffeic acid, vanillic acid, ferulic acid, and p-coumaric acid in the peel and pulp of the fruit, none of which were detected in extracts from the plant tissues examined in the present study [16] . Galloyl derivatives of flavonoid glycosides and procyanidins were the common phenolic compounds in the marula plant. The flavonoid glycosides were exclusively found in the leaf extracts while the galloylated tannins were predominant in the bark extracts (Table 3 and Figure 1 ). Three previously unreported phenolic glycosides for this species, namely, dihydrobenzoic acid-O-pentoside, quercetin-3-Oarabinoside, kaempferol-O-pentoside, and hydroxyl benzoyl kaempferol-O-hexoside, were identified (Figure 2 ) in the leaf extract in addition to the eight compounds (peaks 12-15, 17-19, 21) that had been previously reported [13] . Shown in the inserts of Figure 2 (Figure 2(c)) . A hydroxyl benzoyl kaempferol-O-hexoside was assigned for peak 22 based on the accurate mass measurement and MS/MS fragmentation pattern (Figure 2(d) ). It must be noted 
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TOF MS ES-BPI that kaempferol has an identical chemical formula to that of luteolin but they are structurally different and hence produces different fragment ions [30] . Kaempferol, unlike luteolin, has been shown to lose 30 Da neutral molecule resulting in a product ion m/z 255 which was also seen in the MS/MS spectra of peak 20 and peak 22 (Figures 2(c) and 2(d) ), thus confirming these two peaks were kaempferol derivatives. This approach was taken to identification of megastigmane hexosides (peaks 9 and 10) and benzyl-alcohol hexosidepentoside (peak 6). Our findings are in congruent with the reports in the past where benzyl derived phytochemicals had been commonly seen in the marula fruit pulp and the whole fruit [31] . Procyanidins, a group of flavonoids ubiquitous in the plant kingdom, are a mixture of flavan-3-ol monomers (epicatechin and/or catechin) commonly bonded through C4-C8 linkages. The procyanidins were predominantly found in the bark of S. birrea (Figure 1 ). Epicatechin-3-O-gallate (ECG) in this study was found in the water part of the partitioned of the methanolic extract in contrast to previous report on its occurrence in the ethylacetate portion of a methanolic extract from the marula bark [20] . Another compound (peak 31) with identical molecular mass and fragment ions as that of ECG but in less abundance was observed in the bark and root extracts; this compound was assigned as an isomer of epicatechin-3-O-gallate. Most of the procyanidins were esterified with gallic acid residues and produced polymers of varying molecular mass (Table 3 ). The largest galloylated procyanidin polymer was found with a molecular mass of 1322 Da (peak 29) with a degree of galloylation of 3 and was identified as trigalloylated procyanidin trimer (P3G3). Lower degrees of galloylated procyanidins such as P3G2 at m/z 881.2 (peaks 8, 33), P2G1 at m/z 729.2 (peak 5) were also found largely in the bark and root extracts. Further HPLC-ESI-MS/MS data supported the diagnosis where the sequential loss of neutral molecules due to the loss of the dehydrated gallic acid residue (152 Da) and the elimination of an epicatechin unit (288 Da) produced the major product ions from the galloylated procyanidins as shown in Figure 3 . Although several previous studies have shown the presence of procyanidins and their galloyl derivatives in marula, this report profiles the presence of an additional 6 procyanidins (Table 3) . A variety of these types of procyanidin derivatives have also been reported previously in both grape seeds and pomace [32, 33] . In many cases a range of different structures and isomers of procyanidins would be present that currently would not be detectable using HPLC-MS due to inability to separate and elute them from an HPLC column and due to the lack of sensitivity based on the small quantities that would be present for each particular structure.
As evident from this study, flavonoid glycosides and galloylated procyanidins constituted the bulk of phenolic compounds in the <3.5 kDa fractions. The only previous report on the phenolic composition of the bark identified one epicatechin derivative. The present study is also the first to report on the phenolic composition of root extracts from this commercially important tree and they contain a mixture of mostly epicatechin and gallic acid derivatives. Epicatechin-3-O-gallate has been shown to illicit secretagogue activity when derived from the bark of the plant [20] . The procyanidins were mainly found in roots and barks with high phenolic contents and were thus responsible for the high antioxidant activity. Previous studies have shown that the procyanidins also possess antiviral and anticancer properties but limited antimicrobial activity [34] .
Conclusion
Application of HPLC-MS/MS technique provided useful information to characterize 27 phenolic compounds in the extracts of marula. The accurate mass measurements and fragments produced during CID are the diagnostic features of these compounds which could be used to identify them in different extracts. Four phenolic glycosides and 6 procyanidins have been reported for the first time in marula. Further spectroscopic characterization, specifically NMR, will be required to establish the identity of the glycoside and underpin the position of its linkage to the flavonoid ring. However, due to small amount of sample material, this could not be carried out in this present study. The antioxidant activities of the extracts were linked to the occurrence of moderate to highly polar polyphenols particularly flavonoid glycosides.
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